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rigid fragments in simulated annealing algorithms†
Dario Braga,a Fabrizia Grepioni,a Lucia Maini,a Giulio I. Lampronti,*a Davide Capuccia and Corrado Cuoccib
Received 12th January 2012, Accepted 2nd March 2012
DOI: 10.1039/c2ce25057hA new approach is presented here for the structural solution of anhydrous and hydrated metal–organic
coordination compounds of alkali and alkaline earth metals by using rigid structure fragments in
combination with simulated annealing algorithms. We empirically show how this approach minimizes
computation time, while allowing us to obtain the correct result. The structures of two novel ionic co-
crystals have been solved from powder data with this approach.1. Introduction
Powder data treatment and ab initio structure determination
methods are evolving fast. However, structural solution from
powder data still represents a challenge. A number of different
approaches for structure solution from powder data has been put
forward: reciprocal space methods, on one side, are analogous to
the direct methods for single crystal data, and require the
extraction of peak intensities,1 while direct space methods are
complex global optimization algorithms that do not require
intensities extraction.2 The draw-back of direct space methods,
like simulated annealing3 or genetic algorithm,4 is that they
require an a priori knowledge of molecular geometry, and are
intrinsically biased towards the operator’s choice of cell content
and stoichiometry. All these structure solution algorithms
together with pattern indexing and amplitude extraction
methods can be generally run on a common desktop PC, and
have been implemented in several available software packages in
the last decade, e.g. EXPO,5 DASH,6 TOPAS,7 Xpert High
Score,8 and FOX.2 Optimization algorithms are generally
designed for molecular compounds and inorganic crystals. In the
first case, molecular geometry is known and used as input
information for structure solution together with the experimental
data; the more complex is the structure, of course (i.e. the larger
is the number of molecules in the asymmetric unit and of degrees
of freedom within the molecule), the longer is the computation
time required for structure solution, and the more difficult the
subsequent Rietveld refinement. In the second case the operator
has to borrow crystal ‘‘building blocks’’ or ‘‘modules’’ (like
coordination polyhedra) from known crystal structures ofaDipartimento di Chimica ‘‘G. Ciamician’’, Universita di Bologna, via Selmi
2, 40126 Bologna, Italy. E-mail: gil21@cam.ac.uk; Fax: +39 051 2099456
bIC, Sede di Bari, via G. Amendola 122/o, 70126 Bari, Italy. E-mail:
corrado.cuocci@ic.cnr.it
† CCDC 863196 and 869431. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/c2ce25057h
This journal is ª The Royal Society of Chemistry 2012related compounds;2,9 again the higher is the number of degrees
of freedom for the system, the longer is the time required for the
calculation.
Recently we have reported on a new type of co-crystals, i.e.
ionic co-crystals (ICCs) formed by an organic molecule and
a typical inorganic salt, e.g. an alkali or alkaline earth halide: in
these compounds the organic molecule acts as a sort of special
solvent towards the metal cation.10 Many of these ICCs are
hydrated, with water molecules in competition with the organic
molecule for cation coordination. In addition to this, alkaline
and alkaline earth metal coordination in ICCs shows extremely
variable coordination numbers and geometries. Single crystals
are difficult to grow in many cases, and structure solution from
powders becomes necessary.10
In this work we present an unconventional use of
molecules and rigid structural ‘‘fragments’’ (e.g. [Na(Owater)2]
+
or [NaOwater]
+) for structure solution from powder data via
simulated annealing algorithms. We empirically demonstrate
that structures can be solved for large ranges of fragment bond
distances and bond angles. This method minimizes the degrees
of freedom, thus considerably reducing the computational time,
while ensuring the correct final result; in addition to this, we
show that the method increases the probability of solving
crystal structures by simulated annealing. The method is
applied here to the structural solution from powder data of the
novel co-crystals of oxamide with CaCl2, namely oxami-
de$CaCl2$2H2O, and of barbituric acid with CaI2, namely
BA$CaI2$5H2O. Fig. 1 shows the molecular structures of bar-
bituric acid and oxamide. The use of rigid fragments for
structure solution with simulated annealing algorithms has
already been tested in the case of coordination compounds.11
Our compounds greatly differ from the ones whose structures
have been solved or used for tests so far: the alkaline or
alkaline-earth nature of the metals and the degree of hydration
make it hard to predict the features of the resulting coordina-
tion polyhedra and the whole structural framework.CrystEngComm, 2012, 14, 3521–3527 | 3521
Fig. 1 Molecular structure of barbituric acid (a) and oxamide (b).
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View Article Online2. Data mining and statistics
Our first goal was to extract from the Cambridge Structural
Database (CSD)12 the most frequent bond distances and angles
involving water molecules and sodium or calcium cations.
Hydrated organic salts and hydrated metal–organic coordina-
tion compounds of calcium and sodium were screened, with
bond distances and angles selected in the range 2.0–3.0 A and 0–
180. As a result more than 9000 hits were found for the Na/O
distance: the histograms shown in Fig. 2 can be considered as
‘‘probability distributions’’ of sodium–water coordination bond
distances and angles. The distribution is unimodal for bond
distances (with mean value 2.435A) and bimodal for bond angles
(mean values of 89.66 and 167.72; Fig. 2). The bond angle
distribution is biased by crystallographic symmetry: when
sodium lies on an inversion center, all symmetrically equivalent
ligands make a 180 bond angle with themselves, which explains
the high number of hits for this value.Fig. 2 Distributions of Na/Owater bond distance (top) and Owater/
Na/Owater bond angle (bottom) hits in the CSD.
3522 | CrystEngComm, 2012, 14, 3521–3527Calcium–water bond distances (mean value 2.414 A) and
angles, on the contrary, do not show clear-cut probability
distributions (Fig. 3), as both the coordination geometry and the
number of water molecules around the calcium cation are more
variable than with sodium. Furthermore the number of entries
for calcium–water coordination in the CSD is considerably lower
if compared to those for sodium–water. For these reasons the
statistical analysis failed to show a specific, most recurrent
[Ca(Owater)2]
2+ fragment.3. Tests on known structures
3.1. Test structures
In order to test our method, we first choose to apply it to two
ICCs for which we had single crystal data: BA$NaBr$2H2O
10a
and BA$CaI2$5H2O (described in the following‡).
BA$NaBr$2H2O crystallizes in the orthorhombic space group
Pnma with Z0 ¼ 0.5, with sodium and bromide ions lying on
a mirror plane that also cuts by half the BAmolecule. The crystal
structure is characterized by the alternation of organic layers
based on barbituric acid and inorganic layers constituted by
water molecules and alkaline salts (Fig. 4). The sodium cation
coordination sphere comprises eight oxygen atoms, four of which
belong to water molecules (Na+/Owater 2.468(3) and 2.554(3) A)
and four to BA molecules (Na+/OBA 2.485(3) and 3.275(4) A):
the resulting 6 + 2 coordination polyhedron can be described as‡ Experimental details. All reagents and solvents were purchased from
Sigma-Aldrich and used without further purification.Solution synthesis.
BA$NaBr$2H2O: Barbituric acid$NaBr$2H2O was obtained by dissolv-
ing 1 mmol of barbituric acid (BA in the following) and 1 mmol of NaBr
in 20 mL of hot absolute methanol; the solution was left to evaporate at
room temperature, and crystals suitable for X-ray single crystal diffrac-
tion were obtained. BA$CaI2$5H2O: BA$CaI2$5H2O was obtained by
dissolving BA (0.1 mmol) and CaI2 (0.1 mmol) in 20 mL of hot absolute
methanol; the solution was left to evaporate at room temperature, and
crystals suitable for X-ray single crystal diffraction were obtained.
Solid state synthesis. BA$NaBr$2H2O: BA (1 mmol) and NaBr (1 mmol)
were manually kneaded in an agate mortar for 20 minutes with a drop of
ethanol, quantitatively yielding crystalline BA$NaBr$2H2O.
BA$CaI2$5H2O: BA (1 mmol) and CaI2 (1 mmol) were manually kneaded
in an agate mortar for 20 minutes with a drop of ethanol, quantitatively
yielding crystalline BA$CaI2$5H2O. Oxamide$CaCl2$2H2O: Oxamide (1
mmol) and CaCl2 (1 mmol) were manually kneaded in an agate mortar
for 20 minutes with a drop of ethanol, quantitatively yielding crystalline
oxamide$CaCl2$2H2O.
X-ray single crystal diffraction. X-Ray data were collected at room
temperature with an Oxford Diffraction Xcalibur S diffractometer
equipped with a CCD detector, with MoKa radiation (l ¼ 0.71073 A)
and monochromator graphite. SHELX97 (ref. 17) was used for structure
solution and refinement based on F2. Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms bound to carbon atoms were added in
calculated positions. Hydrogen atoms bound to nitrogen and oxygen
atoms were located from a Fourier map and their positions refined.
TOPOS40 (ref. 18) was used for the graphical representation of the
results.
X-ray powder diffraction. X-Ray powder diffractograms in the 2q range
5–70 (step size 0.01, time per step 50 s,V A 40 40) were collected on
a Panalytical X’Pert PRO automated diffractometer equipped with
a X’Celerator detector. The data were collected in Bragg–Brentano
geometry, using Cu-Ka radiation without a monochromator. Crystallo-
graphic data. BA$CaI2$5H2O,Mw ¼ 512.05, colourless prism, 0.1  0.05
 0.02 mm, monoclinic, P21/n, a ¼ 10.1868(4), b ¼ 14.2071(5), c ¼
11.0417(5) A, b ¼ 107.926(5), V ¼ 1520.43(8) A3, Z ¼ 4, Dc ¼ 2.2371 g
cm3, m ¼ 4.5 mm1, 2qmax ¼ 57.9, 3420 total reflections, R1 ¼ 0.0338,
wR2 ¼ 0.0749 for 2115 reflections (I > 2s(I)).
This journal is ª The Royal Society of Chemistry 2012
Fig. 3 Distributions of Ca/Owater bond distance (top) and Owater/
Ca/Owater bond angle (bottom) hits in the CSD.
Fig. 4 Projection of the BA$NaBr$2H2O structure: sodium cations and
coordination polyhedra in yellow, bromide anions green, carbon grey,
nitrogen blue and oxygen red. Hydrogen atoms not shown for clarity.
Fig. 5 Coordination polyhedra of sodium cations in BA$NaBr$2H2O:
sodium and polyhedra in yellow, carbon grey, nitrogen blue and oxygen
red. Hydrogen atoms not shown for clarity.
Fig. 6 BA$CaI2$5H2O structure: calcium cation and coordination
polyhedra in yellow, iodide anions green, carbon grey, nitrogen blue and
oxygen red. Hydrogen atoms are not shown for clarity.
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View Article Onlinea bicapped trigonal prism (Fig. 5). The bromide anions interact
via hydrogen bonding with water molecules and the secondary
amine groups of BA, with Br/(H)Owater/(H)N atom distances
<3.5 A.
BA$CaI2$5H2O (Fig. 6) crystallizes in the monoclinic P21/n
space group, with all atoms in the general positions. TheThis journal is ª The Royal Society of Chemistry 2012coordination sphere around the calcium cation is formed by
eight oxygen atoms, five of which belong to water molecules
(Ca2+/Owater distance in the range 2.415(4)–2.445(4) A) and
three to BA molecules (Ca2+/OBA 2.444(4), 2.468(4), 2.550(3)
A). The resulting polyhedron can be described as a square
antiprism (Fig. 7). The iodide anions interact via hydrogen
bonding with water molecules and the secondary amine groups
of barbituric acid [I/(H)Owater distances in the range
3.500(4)–3.668(4) A, I/(H)N distances in the range 3.611(4)–
3.730(5) A].CrystEngComm, 2012, 14, 3521–3527 | 3523
Fig. 7 Coordination polyhedron of calcium cation in BA$CaI2$5H2O
structure: calcium cation and coordination polyhedron in yellow, oxygen
red. Other atoms are not shown for clarity.
Fig. 8 Best solution Rwp as a function of fragment bond length (test 1).
Fig. 9 Best solution Rwp as a function of fragment bond angle (test 2).
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View Article Online3.2. Methodology
Simulated annealing runs with structure fragments were per-
formed with EXPO2010, the updated version of EXPO2009.5 All
options were left as default if not specifically stated. Cell
parameters and space group were taken from single crystal
structures. In the case of BA$NaBr$2H2O (space group Pnma)
we decided to perform our calculations with the subgroup Pna21,
in order to avoid problems of occupancy due to special positions.
The correctness of all solutions of simulated annealing runs was
verified by comparison with the structures from single crystal
data.
The following four different tests were performed:
3.2.1. Modulating the cation–oxygen bond distance in the
[NaOwater]
+ fragment. This test was performed on powder data of
the co-crystal BA$NaBr$2H2O. By distorting an ideal rigid
[NaOwater]
+ fragment with a Na/Owater bond distance of
2.386 A (see Fig. 2) we generated 11 fragments with bond
distances in the range 1.386 to 3.386 A with a step size of 0.2 A.
We performed a simulated annealing for each of the 11 frag-
ments, with ten runs per simulated annealing trial and a cooling
rate (defined as the ratio Tn/Tn1) of 0.95; bromide and the
second water molecule were inserted as independent bodies,
while BA was treated as a single rigid body.
3.2.2. Modulating the oxygen–cation–oxygen bond angle in
the [Na(Owater)2]
+ fragment. This test was performed on powder
data of BA$NaBr$2H2O. By distorting the angular value of the
rigid [NaOwater2]
+ fragment observed in the crystal structure of
HESJOE13 [Na/Owater 2.386 and 2.405 A; Owater/Na/Owater
87.0 (see Fig. 2)], we generated 12 fragments with bond angle in
the range 67.0 to 177.0, with a step size of 10. We performed
one simulated annealing with 10 runs for each fragment and
a cooling rate of 0.95; bromide was inserted as an independent
body, while BA was treated as a single rigid body.
3.2.3. Modulating the cation–oxygen bond distances in the
[Ca(Owater)2]
2+ fragment. This test was performed on powder
data of BA$CaI2$5H2O. A [Ca(Owater)2]
2+ real fragment (with
bond distances and angle of 2.415, 2.429 A and 88.7, respec-
tively) was taken from the structure solved from single crystal
data. We lengthened and shortened the calcium–oxygen bond
distances by 0.1 A in order to create seven fragments. We per-
formed one simulated annealing for each fragment, with 10 runs
and a cooling rate of 0.90; iodide and the other water molecules3524 | CrystEngComm, 2012, 14, 3521–3527were inserted as independent bodies, while BA was treated as
a single rigid body.
3.2.4. Modulating the oxygen–cation–oxygen bond angles in
the [Ca(Owater)2]
2+ fragment. This test was performed on powder
data of BA$CaI2$5H2O. A [Ca(Owater)2]
2+ real fragment (with
bond distances and angle of 2.415, 2.429 A and 88.7, respec-
tively) was taken from the structure solved from single crystal
data. By distorting this rigid [Ca(Owater)2]
2+ fragment we created
other fragments with a bond angle in the range 67.7 to 107.7,
with a step size of 10. We performed one simulated annealing for
each of the five fragments, with 10 runs and a cooling rate of 0.90;
iodide and the other water molecules were inserted as indepen-
dent bodies, while BA was treated as a single rigid body.3.3. Results and discussion
Results are summarized in Fig. 8, 9 and Table 1. In Fig. 8 and 9
the best solution Rwp value for each trial is plotted versus frag-
ment bond distance (test 1) and fragment bond angle (test 2),
respectively. In the case of Rietveld refinements, the correctness
of a solution cannot be judged solely on the basis of the Rwp
value: it is not uncommon to obtain a solution with a low Rwp
value associated to a wrong coordination pattern, i.e. a pattern
that is chemically unreasonable. In the case of BA$NaBr$2H2O
the structure solution coordination pattern was correct for a wideThis journal is ª The Royal Society of Chemistry 2012
Table 1 Results of tests 3 and 4 (see text for discussion)
SA Fragment details Best Rwp
Number of
successful runs
1 No fragment 22.61% 3
2 Real fragment 19.25% 10
3 2.415 A, 2.429 A, 98.7 19.28% 10
4 2.415 A, 2.429 A, 108.7 19.16% 10
5 2.415 A, 2.429 A, 78.7 19.22% 10
6 2.415 A, 2.429 A, 68.7 19.46% 10
7 2.415 A, 2.329 A, 88.7 19.27% 10
8 2.315 A, 2.429 A, 88.7 19.20% 10
9 2.315 A, 2.329 A, 88.7 19.20% 10
10 2.415 A, 2.529 A, 88.7 19.39% 10
11 2.515 A, 2.429 A, 88.7 58.66% 0
Fig. 10 Examples of simulated annealing solutions on BA$CaI2$5H2O
data: calcium cation and coordination polyhedra in purple, iodide anions
green, carbon grey, nitrogen blue and oxygen red. Hydrogen atoms are
not shown for clarity. In solution (top) the correct coordination pattern is
obtained even if the resulting coordination polyhedra are distorted, while
in solution (bottom) the coordination pattern is lost.
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View Article Onlinerange of bond distances and angles: simulated annealing runs of
test 1 would fail only for distances longer than 3.0 A or shorter
than 1.6 A, while in test 2 all simulated annealing runs ended
successfully for bond angles smaller than 130. Thus tests 1 and 2
show that the right crystal structure coordination pattern can be
found for a wide range of Na/Owater fragment bond distances
and of Owater/Na/Owater bond angles. In other words the
structure fragment can be significantly different from the correct
one without compromising the correctness of the simulated
annealing solutions coordination patterns and of the final,
refined structure.
The average number of moves per run passes from 20 million
when no fragments are used, down to 17 million with a Na/
Owater fragment (test 1) and 11 million with an Owater/Na/
Owater fragment (test 2).
With tests 3 and 4 we aimed to explore the rigid fragments
approach on a structure with a high number of free water
molecules, and thus a high number of degrees of freedom. The
higher is the degree of hydration, the less predictable are the
interactions between molecules and ions in the crystal structure.
We reckon that when the water molecules are more than two it
becomes hard to predict an alkaline or alkaline earth metal
cation coordination polyhedron shape. Table 1 lists fragment
details, best solution Rwp and the number of runs yielding the
correct structure coordination pattern for each trial of tests 3 and
4. Fig. 10 shows two solutions, one with the correct coordination
pattern and one corresponding to an incorrect coordination
pattern. Along with the fact that the rigid fragments approach
minimizes calculation times, it is clear that for this class of
compounds structure solution from powder data can be directed
towards the right coordination pattern by (i) increasing the
number of successful runs and (ii) using fragments extracted
from crystal structure databases.
Inorganic compound structures can be solved from powder
data by using coordination polyhedra in the simulated annealing
algorithm2 since the geometry of coordination can be easily
predicted. On the other hand, in our class of compounds, the
geometry of coordination is highly variable and the ligands
coordination pattern is not always predictable. We have shown
that in such cases small rigid fragments minimize calculation
times without biasing the final structure solution even if they are
significantly different from the correct ones.This journal is ª The Royal Society of Chemistry 2012Our approach can be further improved by using a restraint-
based system, i.e. by applying restraints on bond distances and
angles. This approach has been used for protein structure
determination from single crystal data, and it has been imple-
mented in the FOX software to reduce the parameter space using
a priori chemical information on molecular geometry, while
keeping a complete freedom to the conformation changes in ab
initio calculations from powder data.14 We suggest that (i) the
same approach can be used for structure solution of ICC and
metal–organic coordination compounds of alkali and alkaline
earth cations, and (ii) even a rigid fragments approach can be
very useful for the structure solution of these compounds from
powder data.4. Application to the structure solution of
oxamide$CaCl2$2H2O
Powder diffraction data were analyzed with the software
DASH.6 22 peaks were chosen in the 2q range 5–40, and
a monoclinic cell was found with a volume of 864 A3 using the
algorithm DICVOL.15 Such volume is compatible with the
presence of 4 oxamide$CaCl2 fragments plus 8 water molecules,
i.e. 4 times oxamide$CaCl2$2H2O. Space group determination
with DASH resulted in space group no. 14, i.e. P21/a, with
multiplicity 4 and Z0 ¼ 1. We first tried to solve the crystal
structure by simulated annealing using all the independent ions
and molecules. Unfortunately all solutions we obtained looked
chemically wrong. The crystal structure was solved by simulatedCrystEngComm, 2012, 14, 3521–3527 | 3525
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View Article Onlineannealing using (i) one oxamide molecule, (ii) one [Ca(Owater)2]
2+
fragment taken from known structures of similar compounds
and (iii) two independent chloride ions. Several trials with
different fragments were performed; we performed 10 runs with
107 maximum number of moves for each trial. The best solution
was chosen for Rietveld refinement. Rietveld refinement was
performed with the software TOPAS.7 A shifted Chebyshev
function with 12 parameters and a Pseudo-Voigt function
(TCHZ type) were used to fit background and peak shape,
respectively. A spherical harmonics model was used to describe
the preferred orientation. Restraints were applied on bond
distances and angles of oxamide molecule. An overall thermal
parameter for the whole oxamide molecule was adopted.
Refinement converged with c2 ¼ 1.814, Rwp ¼ 10.82%, RB ¼
4.58%. Fig. 11 shows experimental, calculated and difference
curves.
The crystal structure of oxamide$CaCl2$2H2O was thus
successfully solved from powder data by using the simulated
annealing with the rigid fragments approach here presented. In
crystalline oxamide$CaCl2$2H2O the coordination sphere
around the calcium cation comprises two oxamide molecules,
four water molecules and two chloride anions: the resulting
coordination polyhedron is a 6 + 3 tricapped trigonal prism. The
coordination polyhedra share faces and edges to form layersFig. 11 Experimental (black), calculated (red) and difference (green)
patterns for oxamide$CaCl2$2H2O; x axis is in degrees of 2q.
Fig. 12 Oxamide$CaCl2$2H2O structure: calcium cation and coordi-
nation polyhedra in yellow, chloride anions green, carbon grey, nitrogen
blue and oxygen red. Hydrogen atoms are not shown for clarity.
3526 | CrystEngComm, 2012, 14, 3521–3527perpendicular to the [010] direction. One chloride coordinates
calcium cations and interacts via hydrogen bonding with oxa-
mide and water molecules (Cl/Ca2+ distance in the range
3.03(1)–3.43(2) A; Cl/(H)N 3.30(1) A; Cl/Owater distance in
the range 2.58(2)–3.16(4) A), while the second chloride interacts
only with oxamide and water molecules (Cl/(H)N 3.22(1) A;
Cl/Owater 2.91(2)–3.02(4) A). The refined crystal structure is
shown in Fig. 12.5. Conclusions
A new approach to solve the crystal structure of ICC and metal–
organic coordination compounds of alkali and alkaline earth
cations with simulated annealing algorithms is here presented.
We successfully tested this method on structures determined
from single crystal data, and we demonstrated that the structure
can be solved even if bond distances and angles for the chosen
fragment are significantly different from the correct values.
Suitable fragments can be retrieved from structural databases.
One new ICC crystal structure was also solved from powder data
with this approach.
The method minimizes the degrees of freedom of the system,
thus accelerating the computing process without compromising
the final structure coordination pattern; furthermore, we have
shown how in some cases it can largely increase the number of
successful simulated annealing runs. Surprisingly also very dis-
torted two atoms (or three atoms) fragments give solutions with
the correct coordination pattern in a structure with 13 atoms in
the asymmetric unit (H atoms excluded). This is very important
since the class of compounds we are dealing with shows coor-
dination polyhedra highly variable in shape and number. We
suspect this is not a general rule and that it is due to the presence
of a strong scatterer in the fragment: more tests on compounds
with other metals should be run in order to set some guidelines
about rigid coordination polyhedra fragments approaches. As
a proof of concept the structures of two novel ionic co-crystals
have been determined. We want to stress how important it is, for
the community of crystal engineers working with solid systems
containing organic molecules in association with alkali and
alkaline-earth ions, the possibility of solving crystal structures
directly from powder data. This becomes essential when the
material under investigation is the product of solid-state reac-
tions,16 since only microcrystalline samples are available.Notes and references
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